Aims/hypothesis Studies on weight cycling and the risk of type 2 diabetes have revealed inconsistent results, possibly due to differences in the definition of weight fluctuations. Here, we investigated whether weight cycling during adulthood is related to diabetes risk in a large cohort study, using a complementary approach to define patterns of weight development. Methods Weight cycling, weight loss and weight gain were defined (1) a priori, using distinct categories, and (2) Conclusions/interpretation Overall, weight cycling may not be an independent risk factor for type 2 diabetes when accounting for concurrent patterns of weight development. However, weight cycling may pose a stronger risk of diabetes than non-cycling during net weight gain.
Introduction
While it is well established that overweight, obesity and weight gain are major risk factors for type 2 diabetes [1, 2] , the consequences of weight cycling, i.e. repeated cycles of Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3755-9) contains peer-reviewed but unedited supplementary material, which is available to authorised users. intentional weight loss followed by weight regain (or vice versa), are less clear. Only a few large-scale prospective studies on weight cycling and type 2 diabetes risk (with mixed results) have been published to date. Early findings from the Iowa Women's Health Study (IWS) and the Taking Off Pounds Sensibly (TOPS) programme indicated that weight cycling may lead to type 2 diabetes in middle-aged women [3, 4] . In contrast, no significant associations between weight cycling and type 2 diabetes risk were observed in participants of the Nurses' Health Study (NHS II) and the Framingham Heart Study (FHS) in two subsequent analyses [5, 6] . Both the latter results and null findings from studies on weight cycling and other cardiometabolic endpoints led to the notion that adverse effects of weight cycling might not exist at all [7] . However, in the lifestyle arm of the Diabetes Prevention Program (DPP), it was recently shown that even mild weight cycling was associated with an increased risk of type 2 diabetes, whereas there were no relationships with other cardiometabolic traits [8] .
Inconsistent results of these previous studies may be related to differences with respect to the magnitude and frequency of weight changes underlying a priori definitions of weight cycling used [7] . Furthermore, it can be speculated that weight cycling may lead to different outcomes depending on whether or not an individual experiences long-term net weight change. This was hardly taken into consideration in previous studies and cannot be accounted for when using distinct a priori definitions of weight cycling. Interestingly, there has been only one study on weight cycling and type 2 diabetes so far in which concurrent patterns of overall weight status, net weight change and weight cycling were investigated. In the FHS, Waring et al applied functional principal component analyses (FPCA) to characterise patterns of weight change over time [6] . While, in fact, a significant association between FPCAderived weight cycling and the risk of type 2 diabetes was observed in a crude statistical model, this association was no longer significant after adjustment for concurrent FPCAderived patterns of overall weight status and net weight change [6] .
The aim of the current study was to investigate the relationship between weight cycling, as classified by (1) a priori defined categories that have been shown to be related to increased risk of type 2 diabetes in previous studies [3, 8] , and (2) FPCA-derived categories and the risk of type 2 diabetes. The latter FPCA-based approach was used because (unlike the first) it facilitates simultaneous modelling of concurrent patterns of weight development such as weight cycling and weight gain. We hypothesised that weight cycling (as defined by both approaches) is a risk factor for type 2 diabetes, albeit with the expectation that associations between FPCA-derived weight cycling and the risk of type 2 diabetes would be attenuated when taking concurrent patterns of weight development into account. Thus, we evaluated a priori classified and FPCAderived patterns of weight cycling in relation to the risk of type 2 diabetes over time in a large-scale cohort study, the German branch of the European Prospective Investigation into Cancer and Nutrition (EPIC) [9] .
Methods
Ethics statement The study was approved by local ethics committees (Potsdam: Ethics Committee of the Medical Association of the State of Brandenburg; Heidelberg: Ethics Committee of the Heidelberg University Medical School) and all participants gave written informed consent.
Study population EPIC-Germany initially comprised 53,088 participants (Heidelberg: n=25,540 [53% women]; Potsdam: n=27,548 [60% women]) aged between 35 and 65 years, and recruited between 1994 and 1998 from the local general populations [9] . At baseline, anthropometric measurements (weight, height, waist and hip circumferences) were taken by trained staff according to standardised protocols. Lifestyle characteristics (e.g. physical activity, diet, alcohol consumption, smoking history), health status and socioeconomic status were assessed by personal interviews and questionnaires. Follow-up information was obtained by self-administered questionnaires which were sent to the participants at average intervals of 2-3 years.
Re-assessment of weight during follow-up For the present study, self-reported information on weight as recorded during three follow-up waves was used and corrected by validated equations published elsewhere [10, 11] . Each of the follow-up waves included one re-assessment of weight by questionnaire per individual. In the questionnaire, participants were asked to measure their weight with minimal clothing on the day they filled out the questionnaire, without further specifications. All statistical analyses described here are based on one measured weight value from baseline and up to three self-reported weight values from follow-up, i.e. a maximum of four weight assessments per individual. Details on the assessments of weight during follow-ups of the EPIC cohorts in Heidelberg and Potsdam used for the present study are shown in Fig. 1 .
Case ascertainment Incident cases of type 2 diabetes were identified by self-reported disease occurrence and use of specific medication in follow-up questionnaires, record linkage with local clinics and death certificates. All potential cases were verified by study physicians based on medical records provided by treating physicians. Only incident cases, which had occurred after the final weight re-assessment and before 31 December 2009 were included in the present analyses (see below).
Exclusions Participants were excluded according to the following criteria, as shown in electronic supplementary material (ESM) Fig. 1 : prevalent diabetes (n=2,512); prevalent or incident cancer (n=1,086); prevalent or incident major cardiovascular diseases (myocardial infarction, n=1,368; stroke, n=1,176); missing baseline covariates (n=217); and incident diabetes that occurred before the last weight assessment (n=1,519). Major cardiovascular disease patients were excluded to avoid bias due to unintentional weight loss. For analyses on weight change using a priori defined cut-offs, participants with missing information on weight from more than one out of three re-assessments (n= 147) were also excluded, resulting in a final dataset of 45,063 participants. For FPCA analyses (see below), only participants with weight information from all three re-assessments during follow up (n=35,270) were included.
A priori defined categories of weight change The average (SD) duration between individual re-assessments of weight during follow-up was 2.54 years (±0.83 years) in Heidelberg, 2.23 years (±0.46 years) in Potsdam and 2.39 years (±0.67 years) overall. Weight cycling was first defined by average annual weight loss of ≥1.125 kg between two consecutive weight assessments and subsequent regain (or vice versa). This definition was based on a previous report by the DPP in which a weight shift of ≥2.25 kg over a 2 year period (i.e. 1.125 kg/year) and a subsequent reverse shift of the same magnitude was considered a weight cycle [8] . As the duration of individual follow-up waves differed slightly between participants of the EPICGermany study in Heidelberg and Potsdam (see above), a 1.125 kg/year threshold was applied in the present study. In addition, annual average changes of 0.75 and 1.5 kg/year between consecutive weight assessments were used to define mild and strong weight cycling. These classifications were chosen based on a publication from NHS II [5] .
Analyses on a priori defined weight patterns and diabetes risk The association between weight patterns (weight cycling, stable weight, weight loss and weight gain) and time to type 2 diabetes occurrence was assessed using Cox proportional hazards regression, with age as the underlying timescale. Since participants were followed from the age at the last weight assessment, the data were left-truncated and study participants that were lost to follow-up or died during the follow-up period were censored. Validity of the proportional hazards assumption was tested using Schoenfeld residuals [12] . Multivariable Cox regression analyses were stratified by age (i.e. strata of 5 year integers of baseline age) and adjusted for sex and the following baseline variables: BMI, study centre, physical activity according to the Cambridge physical activity index (active, moderately active, moderately inactive, inactive), alcohol intake (continuous), smoking status (never, former, current) and educational level (low: primary school or no school graduation; medium: secondary, technical or professional school graduation; high: longer education including university degree) [13] . Physical activity and educational level were modelled as ordinal variables. Linearity of the relationship between the hazard of type 2 diabetes and either BMI or alcohol consumption was explored using restricted cubic splines. An exponential relationship between BMI and the hazard of type 2 diabetes was observed; therefore, BMI values were log-transformed. Regarding alcohol consumption, it was found that intake levels of 0-28 g/ day were associated with a lower risk of type 2 diabetes, intakes of 28-80 g/day were associated with a moderately higher risk of type 2 diabetes and intakes of >80 g/day were associated with a clearly higher risk of type 2 diabetes. Thus, alcohol consumption was categorised by these three cut-offs. Additionally, a dichotomous variable (never/ever use of alcohol) was used as an adjustment variable in all models.
Sensitivity analyses were carried out excluding participants with a baseline BMI of ≥30 kg/m 2 from the stable weight reference group. In further sensitivity analyses, participants in the weight cycling category who had lost weight between the two last weight assessments before diagnosis were Fig. 1 Schematic representation of repeated weight assessments in the EPIC-Germany cohort over time. For the present analyses, up to four weight assessments overall per study participant were available and the numbers of responders per follow-up are given. The first weight assessment was part of the baseline examination at the study centres and carried out by trained personnel. All three consecutive weight assessments are derived from questionnaires sent to the participants as part of three subsequent follow-ups. The time frames of the baseline examination and the follow-up waves, in which one weight assessment per individual was carried out, are represented by the boxes and the timeline excluded from Cox regression analyses because this pattern of weight cycling may actually reflect unintentional weight loss due to untreated insulin resistance.
Identification of weight patterns by FPCA To account for the fact that weight cycling may occur during net weight gain or loss, FPCA [14] was used to assess the dominant modes of BMI variation from baseline to the last follow-up, as proposed by Waring et al [15] . Average BMI patterns were computed and the amount of their total variation that could be explained by each of the principal component (PC) functions was investigated. For each participant, the individual BMI trajectory was modelled as a linear combination of four quadratic Bspline basis functions using one interior knot [16] .
The first PC function reflects a constant shift of the average BMI curve and accounts for 96.1% of the variation in the study population (see ESM Fig. 2) . Thus, participants with high PC1 scores have a BMI above average and participants with lower PC1 scores have a BMI below average. Using standard cut-offs for BMI (normal weight: >18.5 and <25 kg/m 2 ; overweight: ≥25 and <30 kg/m 2 ; obesity:
, study participants with a PC score in the deciles 1-5 were classified as having overall normal weight, participants with PC score in deciles 6-9 as overweight and participants with a PC score in the 10th decile as obese.
The second PC function reflects linear contrast between the first and second half of the BMI curve and explains 2.8% of the variation in weight patterns of the study population. A high PC score indicates weight gain, a low score indicates weight loss and a score close to the median indicates stable weight. PC scores in deciles 1-4 indicate weight loss, scores in deciles 5-6 indicate stable weight and scores in the deciles 7-10 indicate weight gain. The third and fourth PCs reflect a cyclic BMI pattern. Together, they account for 1.1% of the variation in BMI patterns. In this case, any score different from zero indicates a multiple of a cycling rate of about 1 kg/m 2 .
Analyses on weight patterns identified by FPCA and diabetes risk For Cox proportional hazards models, categorical variables of weight change derived from the PC scores (PC1: normal weight, overweight, obese; PC2: weight loss, stable weight, weight gain; PC3 and PC4: non-cycling, weight cycling) were used to estimate associations between BMI patterns and the hazard of type 2 diabetes, while adjusting for the same set of potential confounders as in the analyses described above, i.e. sex, initial BMI, study centre, physical activity, alcohol intake, smoking status and educational level. In addition, the identified PCs were adjusted for each other. Pairwise interactions among weight cycling, weight change and overall weight status were evaluated by adding interaction terms for the variables to a multivariable Cox regression model.
The threshold for statistical significance after Bonferroni adjustment for multiple testing was p < 0.0125 (0.05/4), considering four independent tests (a priori method with three different cut-offs and the FPCA approach). Statistical analyses were carried out using SAS 9.3 (SAS Institute, Cary, NC, USA) and R version 3.1.0 (see www.r-project.org).
Results
Descriptive results The final sample consisted of 643 incident type 2 diabetes patients and 44,420 non-diabetic individuals. Characteristics of study participants by patterns of weight change are presented in Table 1 .
Median follow-up time for the analytical cohort was 2.5 years (interquartile range = 0.9 years). Participants categorised as weight cyclers had a higher weight and waist circumference at baseline compared with participants in the weight gain and stable weight group. The weight loss group showed the highest initial weight and waist measurements overall. The prevalence of weight cycling (as defined by average annual weight changes of 1.125 kg) was 13.9% in the overall cohort and higher among participants who subsequently developed type 2 diabetes (18.8%) compared with those who did not (13.8%). The prevalence estimates of weight cycling as identified by FPCA were 14.5% in later cases of type 2 diabetes and 10.0% in non-cases, respectively.
A priori defined weight cycling and diabetes risk Cox regression analyses showed that after adjustment for BMI at baseline and further confounders, weight gain (HR 2.08 [95% CI 1.60, 2.70]) and weight cycling (HR 1.36 [95% CI 1.09, 1.68]) were both significantly associated with a higher hazard of type 2 diabetes (see Table 2 ).
Results from Cox regression analyses obtained using the alternative a priori defined cut-offs of weight cycling (0.75 and 1.5 kg/year) are shown in Table 3 Table 1 ). Exclusion of participants who had lost weight between the last two weight assessments from the weight cycling category a Presented values are n (%). Median (25th, 75th percentiles) are shown for age, weight and waist circumference at baseline, BMI at age 18 years and alcohol intake b Based on an average annual weight change of 1.125 kg/year between two weight assessments; individuals in the weight cycling category showed at least one period of weight loss of ≥1.125 kg/year followed by subsequent regain or vice versa c According to the Cambridge Physical Activity Index A significant interaction between overall weight status and weight cycling in relation to the hazard of type 2 diabetes was observed (p interaction =0.02). However, subgroup analyses did not reveal significant associations between weight cycling and the hazard of type 2 diabetes in overweight and obese (HR 2.20 [95% CI 0.70, 6.60]) or in normal weight individuals (HR could not be estimated because of the small stratum size). There was an interaction between weight cycling and weight change in relation to diabetes risk (p interaction =0.02). Stratification by weight change showed that within the subgroup of net weight gainers, weight cycling was related to a significantly higher hazard of type 2 diabetes compared with non-cycling (HR 1.68 [95% CI 1.14, 2.48], see Fig. 2 ), while no significant effect of weight cycling was detected in either the weight loss or the stable weight group.
Discussion
In the EPIC-Germany cohort, a priori defined patterns of weight cycling were associated with a higher risk of type 2 diabetes after adjustment for baseline BMI. In contrast, the pattern of weight cycling identified by the FPCA showed no significant association with the hazard of type 2 diabetes in the overall study population after adjustment for overall weight status and net weight change. The latter finding may argue against genuine effects of weight cycling in the development of type 2 diabetes. However, in the subgroup of participants characterised by net weight gain according to the FPCA, FPCA-derived weight cycling was associated with a significantly increased risk of type 2 diabetes, which may indicate adverse effects of weight cycling during phases of weight gain but not weight stability.
The present findings of significant direct associations between different categories of a priori defined weight cycling and the hazard of type 2 diabetes based on average weight changes of 0.75, 1.125 and 1.5 kg/year are in agreement with results from three previous studies: the DPP [8] , IWS [3] and TOPS studies [4] , while no associations between weight cycling and the hazard of type 2 diabetes were observed in NHS II [5] . However, it should be noted that various definitions of weight cycling were used in these studies and none of the previous classifications could be applied here in exactly the same way because of differences in the number and frequency of weight assessments during follow-up. For example, weight changes of ≥4.5 and ≥9 kg over 6 years were used to define mild and severe weight cycling, respectively, in NHS II. Although the same average annual weight changes (i.e. 0.75 and 1.5 kg) underlie the definitions of weight cycling in the a Adjusted for sex, centre physical activity (active, moderately active, moderately inactive, inactive), smoking status (never, former, current), alcohol intake (continuous; g/day) and education (low: primary school or no school graduation; medium: secondary, technical or professional school completed; high: longer education including university degree) at baseline b As Model 1, additionally adjusted for BMI at baseline present study, the average interval between the two weight assessments was shorter in EPIC-Germany (2.3 years).
As settling on a common definition of weight cycling in epidemiological studies is difficult because of differences in study design, mostly with respect to length of follow-up, an FPCA-based approach to define weight cycling was proposed in a previous publication by the FHS [6] . As in the FHS [6] , the present study did not reveal any overall associations between weight cycling pattern and type 2 diabetes risk after adjustment for PCs reflecting stable weight patterns and constant weight change. Nevertheless, FPCA-derived weight cycling was indeed associated with a higher hazard of type 2 diabetes in net weight gainers. Therefore, the present findings suggest that weight cycling leads to adverse effects during substantial net weight gain. Certainly, this interpretation is not consistent with the observation of weight cycling induced visceral fat accumulation in normal weight, rather than overweight and obese individuals and requires confirmation in other studies [17] .
There are specific strengths and limitations to statistical formalisations of weight development over time. A priori definitions of weight patterns are based on mutually exclusive categories that classify individuals as either cyclers or noncyclers (weight gain, stable weight, weight loss). The complexity of weight development is not reflected because a person may experience several of these patterns simultaneously. Most importantly, concurrent patterns (e.g. weight cycling during net weight gain) cannot be sufficiently accounted for. The classification of individuals demonstrating concurrent patterns is arbitrary because they fall into more than one category. Conversely, while the classification of individuals into weight pattern categories using FPCA is designed to capture the full complexity of weight development, the reliability of the method is dependent on the number of follow-up measurements. In the present study, only four weight measurements per participant were available, which is a main limitation. However, while analyses based on more repeated assessments would more accurately capture weight fluctuations over time, tight monitoring of weight over several years may not be feasible in large cohort studies such as ours with a meaningful follow-up duration.
Further limitations of the analyses on weight cycling and diabetes from EPIC-Germany need to be considered. One is that data on intentionality of weight loss were not available. However, participants with major chronic diseases (i.e. cancer, myocardial infarction and stroke) were excluded from the present analyses, and this may have limited confounding due to unintentional weight loss. Another clear limitation of the present study is that weight during follow-up was self-reported. However, as weight was possibly under-reported rather Fig. 2 Associations between weight cycling and the HR for type 2 diabetes across FPCA-derived categories of weight change than over-reported, at least in women [18] , it could be speculated that this may even have led to underestimation of the statistical effects of weight cycling. Furthermore, validated equations were used to correct for self-reported weight. Although subgroup analyses from EPIC-Germany suggest the health effects of weight cycling during weight gain, it should be acknowledged that the sample size in these analyses was limited and that biological mechanisms underlying possible adverse effects of weight cycling are far from clear [19] . In addition, observations from weight loss trials do not consistently indicate that abdominal [20] or visceral fat accumulation [21] is induced by weight cycling. Taken together, the present findings suggest that, unlike obesity, weight cycling may not be a strong independent risk factor for type 2 diabetes in the overall adult population, when concurrent patterns of weight change and overall weight status are accounted for. At the same time, subgroup findings suggested that weight cycling during net weight gain may pose a stronger risk of diabetes compared with non-cycling. The latter observation should be considered a starting point for future studies and requires cautious interpretation until confirmed by others.
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